The renal effects of angiotensin II(AII) are attributed to AT 1 receptors. In contrast, the function of renal AT 2 receptors is unknown. Using a microdialysis technique, we monitored changes in renal interstitial fluid (RIF) prostaglandin E 2 (PGE 2 ) and cyclic guanosine 3 Ј , 5 Ј -monophosphate (cGMP) in response to dietary sodium (Na) depletion alone, or Na depletion or normal Na diet combined with the AT 1 receptor blocker, Losartan, the AT 2 receptor blocker, PD 123319 (PD), or angiotensin II, individually or combined in conscious rats. Na depletion significantly increased PGE 2 and cGMP. During Na depletion, Losartan decreased PGE 2 and did not change cGMP. In contrast, PD significantly increased PGE 2 and decreased cGMP. Combined administration of Losartan and PD decreased PGE 2 and cGMP.
Introduction
The renin-angiotensin system plays an important role in body fluid volume, electrolyte balance, and arterial pressure (1) . The mechanisms whereby these actions occur remain incompletely understood. The majority of studies suggest that the renal actions of angiotensin II (AII) 1 are mediated by angiotensin AT 1 receptors (2). However, AT 2 receptors also are present in the kidney (3) and have been reported recently to regulate pressure natriuresis in rats (4) . The physiologic actions of AII at the AT 2 receptor have been difficult to elicit, at least in part because AT 2 receptors have a low degree of expression compared to that of AT 1 receptors (5, 6) .
We conducted the present study to investigate changes in renal interstitial fluid (RIF) cyclic GMP (cGMP) and prostaglandin E 2 (PGE 2 ) by renal interstitial fluid (RIF) microdialysis during sodium depletion, a condition which is known to stimulate the renin-angiotensin system (RAS), and during normal sodium diet, in response to angiotensin AT 1 and AT 2 receptor blockade in conscious rats. In this study, we utilized a novel microdialysis technique since it has several advantages over the traditional measurements conducted in blood or urine. First, repeated blood sampling in small animals may cause unwanted hemodynamic changes. Second, RIF sampling provides the ability to monitor in vivo chemical change at almost any site in an organ or tissue. Measurement of circulating hormones/autocoids may not reflect the local changes within that organ. Third, the concentration of chemical substances in the circulation may differ from that in the interstitium, which is closer to target receptors (7) . Fourth, substances (e.g., kinins) can be formed and degraded in urine and do not reflect their concentrations within the target organ (8) . Fifth, the molecular weight cutoff of the microdialysis membrane can function as an initial low-resolution step in discriminating between small and large molecules and help to exclude undesirable substances (degrading enzymes and carrier proteins). The isolation of free (unbound) materials can facilitate their bioanalytical measurement in a small volume without a need for complicated extraction procedures.
Methods
In vivo renal microdialysis technique. For the determination of renal interstitial fluid cGMP and PGE 2 , we constructed a microdialysis probe as previously described (7) (8) (9) . Each end of single 0.5-cm-long hollow fiber dialysis tubing (0.1 mm inner diameter; molecular mass cutoff, 5000 D: Hospal, Meyzieu, France) was inserted into a manually dilated end of two 30-cm-long (inflow and outflow) hollow polyethylene tubes (0.12 mm inner diameter, 0.65 mm outer diameter; Bioanalytical Systems, Indianapolis, IN). The distance between the ends of the polyethylene tubes was 3 mm (dialysis area) and the dial-ysis fiber was sealed in place within the polyethylene tubes with cyanoacrylic glue, The dead volume of the dialysis tubing and outflow tube was 3.6 l. The microdialysis probe was sterilized by a gas sterilization method.
In vitro microdialysis. , the right and left kidneys were exposed via a midline abdominal incision. The renal capsule of each kidney was penetrated with a 31-gauge needle that was tunneled in the outer renal cortex ‫ف‬ 1 mm from the outer renal surface for 0.5 cm before it exited by penetrating the capsule again. The tip of the needle was inserted into one end of the dialysis probe and the needle was pulled together with the dialysis tube until the dialysis fiber was situated in the renal cortex. The inflow and outflow tubes of dialysis probes were tunneled subcutaneously through a bevel-tipped stainless steel tube and exteriorized near the interscapular region. To obtain vascular access, a heparinized polyethylene tube (PE 50) was inserted into the right carotid artery. This tube was flushed daily with 10% heparin in D 5 W and capped with a small piece of copper wire. Exterior ends of these tubes were secured in place by suturing them to skin at exit site. The exteriorized portions of the tubes were placed in a stainless steel spring to prevent rats from damaging them. Rats were allowed 7-d for recovery and to acclimatize to the laboratory. Rats were housed under controlled conditions (temperature 21 Ϯ 1 Њ C; humidity: 60 Ϯ 10%; lighting: 8-20 h). Experiments were started at the same time (8 AM) each day to avoid any diurnal variation of the measured substances. For collection of renal interstitial fluid (RIF), the inflow tube was connected to a gas-tight syringe filled with lactated Ringer's solution and perfused at 3 l/min. The effluent was collected from the outflow tube for 30-min sample periods in nonheparinized plastic tubes and stored at Ϫ 80 Њ C until assayed for cGMP and PGE 2 .
Analytical methods. Urinary sodium levels were measured by a NOVA analyzer (NOVA Biomedical, Waltham, MA). Renal interstitial fluid PGE 2 and cGMP levels in dialysate samples were measured by radioimmunoassay (RIA) (9) (10) (11) . The sensitivity and specificity of the RIA for PGE 2 were 114 pg/ml and 100%, respectively; and for cGMP were 0.11 pmol/ml and 100%, respectively. The intra-and interassay coefficient of variation was Ͻ 10% for both assays. Cross reactivity of the PGE 2 assay with other eicosanoids was Ͻ 0.01% and of the cGMP assay was Ͻ 0.01% with other cyclic nucleotides.
Effects of sodium depletion and angiotensin AT 1 and AT 2 receptor blockade on RIF cGMP and PGE 2 . In this study, rats ( n ϭ 6) were placed in metabolic cages. A baseline 24 h urine collection was obtained for calculation of urine flow rate (V) and sodium excretion (U Na V) and RIF samples were obtained for cGMP and PGE 2 (experimental day 1) while rats were consuming normal sodium diet (0.28% NaCl, Bioserve, Frenchtown, NJ). Then rats were placed on a low sodium diet (0.15% NaCl) for 7 d. We continued to monitor 24 h V and U Na V and RIF cGMP and PGE 2 daily for 4 d (experimental days 2-5). While rats continued to consume the low sodium diet (days 6-8) RIF cGMP and PGE 2 were monitored during the right intracarotid administration in random order of (1) 5% dextrose in water (D5W), (2) Losartan (DuPont Pharmaceutical Co., Wilmington, DE), a long acting non-peptide angiotensin II antagonist at AT 1 receptors (IC 50 3 ϫ 10 Ϫ 4 and 7 ϫ 10 Ϫ 9 M for AT 2 and AT 1 receptors, respectively) (2, 4), or (3) PD 123319 (Parke-Davis, Ann Arbor, MI), a specific AT 2 receptor antagonist (IC 50 2 ϫ 10 Ϫ 8 M and above 1 ϫ 10 Ϫ 4 M for AT 2 and AT 1 receptors, respectively) (4, 12). Losartan 10 mg/kg was given 30 min before the experiment, which produces plasma concentrations near 6 ϫ 10 Ϫ 5 M (2, 3). PD 123319 was infused at 50 g/kg per min, which yields plasma concentrations near 3 ϫ 10 Ϫ 6 M, a value which remains highly specific for AT 2 receptors (2, 3). Mean arterial pressure (MAP) was measured every 10 min in the rat tail (Rat Tail Monometer-Tachometer System, Natsume Model KN-210, Peninsula Laboratories, Belmont, CA) and the recorded values were averaged for each study period. The study was repeated during PD 123319 infusion (50 g/kg per min) which started 30 min after Losartan administration (10 mg/kg).
Effects of angiotensin AT 1 and AT 2 receptor blockade on urinary flow rate and sodium excretion. The above study was repeated acutely in rats ( n ϭ 6) under anesthesia except that dialysis probes were not inserted into the kidneys. Urine was collected from urinary bladder catheters during intracarotid infusion in random order of D5W, Losartan or PD 123319 to monitor changes in V and U Na V.
Effects of angiotensin AT 1 and AT 2 receptor blockade on RIF cGMP and PGE 2 during normal sodium intake. To evaluate if the observed changes in RIF cGMP and PGE 2 during AT 1 and AT 2 blockade were related to changes in renal AII during sodium depletion, we repeated the above study (days 6-8) after rats ( n ϭ 6) were placed on a normal sodium diet for 5 d. RIF cGMP and PGE 2 were monitored during a control period (D5W was infused into right carotid artery at 20 l/min for 30 min), and during a treatment period (30 min) during which (1) D5W (20 l/min), (2) AII (30 ng/kg/min), (3) Losartan (10 mg/kg), or (4) PD 123319 (50 g/kg per min) individually or combined were administered intravenously. The dose of AII was determined from a dose-pressor response curve for AII. We chose the largest dose of AII which did not elicit any rise in blood pressure.
Statistical analysis of data. Comparisons among pharmacologic agents and controls were examined by analysis of variance (ANOVA) including a repeated measures term, using the General Linear Models procedure (13) of the Statistical Analysis System. Multiple comparisons of individual pairs of effect means were conducted by use of values of least-square means pooled variance. Data are expressed as mean Ϯ 1 SE. Statistical significance was identified at P Ͻ 0.05.
Results
Mean arterial pressure responses to Losartan, PD, or AII individually or combined. During low sodium intake Losartan decreased MAP from 118Ϯ2 to 109Ϯ2 mmHg (P Ͻ 0.05). There were no significant changes in MAP during administration of PD alone or combined with Losartan. During normal sodium intake there were no significant changes in MAP associated with AII, Losartan or PD infused individually or combined.
Renal responses to Losartan or PD during low sodium intake in anesthetized rats (n ϭ 6). During D5W infusion (control period) V (Fig. 1 A) was 3.4Ϯ0.1 l/min and increased to 8.5Ϯ0.2 l/min in response to Losartan administration (P Ͻ 0.0001). Similarly, U Na V (Fig. 1 B) increased significantly from 0.078Ϯ0.004 to 0.232Ϯ0.020 eq/min (P Ͻ 0.0001) in response to Losartan. There were no significant changes in V or U Na V in response to PD administration.
RIF cGMP and PGE 2 responses to dietary sodium depletion, PD or Losartan in conscious rats (n ϭ 6).
A progressive reduction in 24-h U Na V was observed during a low sodium intake. 24-h urinary sodium excretion decreased from 605Ϯ34 mol/d during a normal sodium diet to 328Ϯ22, 73Ϯ11, 35Ϯ13, 30Ϯ11, and 30Ϯ10 mol/d during days 1 through 5 of the low sodium intake, respectively. RIF PGE 2 and cGMP levels (Fig. 2) increased significantly and progressively during dietary sodium depletion. RIF PGE 2 (Fig. 2 A) and cGMP (Fig. 2 B) increased by ‫ف‬ 3.1-and 2.7-fold respectively, by the fifth day of sodium depletion. At the end of the fifth day of sodium depletion, RIF PGE 2 decreased significantly in response to Losartan administration (P Ͻ 0.001), while RIF PGE 2 increased during PD infusion (P Ͻ 0.001). RIF cGMP (Fig. 2 B) did not change in response to Losartan, but decreased to levels observed during normal sodium intake in response to PD (P Ͻ 0.001). Combined infusion of Losartan and PD significantly decreased both RIF cGMP and PGE 2 to the levels observed during normal sodium diet (P Ͻ 0.001). (Fig. 3 A) and cGMP (Fig. 3 B) increased during AII infusion from 2.9Ϯ0.07 to 6.1Ϯ0.1 pg/min and 1.2Ϯ0.06 to 1.6Ϯ0.1 pmol/min, respectively (P Ͻ 0.001). Losartan or PD, individually or combined, did not change RIF PGE 2 (Fig. 3 A) or RIF cGMP (Fig. 3 B) . Combined administration of AII and Losartan decreased the RIF PGE 2 response to AII from 6.2Ϯ0.1 to 3.8Ϯ0.08 pg/min, but did not change the cGMP response to AII. Combined AII and PD (Fig. 3 B) blocked the cGMP response to AII (0.9Ϯ0.08 vs. 1.6Ϯ0.1 pmol/min) (P Ͻ 0.01) and significantly increased the PGE 2 ( Fig. 3 A) response to AII from 3.0Ϯ0.1 to 10.2Ϯ0.4 pg/min (P Ͻ 0.001). Simultaneous administration of AII, Losartan and PD blunted both the RIF cGMP and PGE 2 responses to AII (P Ͻ 0.001).
RIF cGMP and PGE 2 responses to AII, Losartan or PD during normal sodium intake in conscious rats (n ϭ 6). RIF PGE 2

Discussion
This study demonstrates clearly, to our knowledge for the first time, a physiological function for the renal subtype-2 angiotensin (AT 2 ) receptor in the rat. The AT 2 receptor antagonist, PD 123319 (PD), blocked the increase in RIF cyclic guanosine 3Ј, 5Ј monophosphate (GMP) engendered by dietary sodium depletion or by AII administration during normal sodium intake. Our data suggest that the renal AT 2 receptor is tonically stimulated to effect a release of cyclic GMP in response to a physiologic stimulus, sodium depletion.
We have shown that sodium depletion is associated with a substantial increase in RIF AII concentrations (9) and it is highly likely that the progressive increase in RIF cyclic GMP was related to augmented AII formation. This thesis is strengthened by our observations that exogenous AII increased RIF cyclic GMP during normal sodium intake. Cyclic GMP mediates the effects of nitric oxide, the endotheliumderived vascular relaxing factor, and has been shown to be released from the renal vascular smooth muscle cell (14) . AII releases nitric oxide (15) , which activates guanylyl cyclase, and releases cyclic GMP into the RIF. This action of AII is mediated at the AT 2 receptor, according to our data. It is highly unlikely that cyclic GMP is modulated via the AT 1 receptor because the AT 1 antagonist, Losartan, did not affect cyclic GMP and the combination of Losartan and PD resulted in a similar reduction of cyclic GMP as did PD alone.
The infusion rate of PD employed in the present study has been shown to be specific for the AT 2 receptor and not to interact with the AT 1 receptor (2, 4, 12) . Other studies using markedly higher doses of PD have demonstrated increased urine volume or free water formation (16, 17) in anesthetized animals, but PD may have influenced other (non-AT 2 ) angiotensin receptors in these studies. Recently, using a similar infusion rate of PD as in the present study, AT 2 receptors were found to regulate pressure natriuresis in anesthetized rats (4) . The results of the present study provide a potential mechanism for this observation.
The present study also demonstrates unequivocally that AII stimulates prostaglandin E 2 (PGE 2 ) by an action at the AT 1 receptor. Losartan blocked the increase in PGE 2 resulting from both sodium depletion and AII administration. However, we were surprised to find that RIF PGE 2 rose approximately threefold in response to AT 2 receptor blockade with PD in the presence of sodium depletion. This increase in PGE 2 was due to an action of AII at the AT 1 receptor because the combination of PD and Losartan abrogated the response completely. It is unlikely that PD decreased PGE 2 uptake, degradation or clearance. However, it is possible that decreased nitric oxide/ cyclic GMP production may have contributed to the increase in PGE 2 production in response to PD. This is in contrast to the interaction between NO and prostaglandin production in renal inflammation model (18) in which NO has been reported to stimulate PGE 2 release. We interpret our results as indicating that during sodium depletion PGE 2 formation is tonically stimulated by AII at the AT 1 receptor. Our data show that in the presence of AT 2 receptor blockade, there is a shift of AII action to the AT 1 receptor to enhance PGE 2 production. These observations suggest that the renal AT 2 receptor may participate in a negative feedback loop whereby AII acts physiologically at the AT 2 receptor to decrease renal AII formation. When this mechanism is unmasked by AT 2 blockade, an increase in AII would result in a marked enhancement of PGE 2 formation. Other possible mechanisms that could account for the observed increase in RIF PGE 2 during AT 2 receptor blockade include: (1) Decreased activity of PGE 9-ketoreductase, the enzyme responsible for converting PGE 2 to PGF 2␣ . This enzyme may be stimulated by bradykinin and/or AII (19, 20) during sodium depletion (7, 9) . We hypothesize that PGE 9-ketoreductase could be inhibited during AT 2 receptor blockade resulting in the observed marked increase in PGE 2 levels. (2) Decreased cGMP in response to AT 2 blockade could increase the cGMP-inhibitable isoform of cAMP phosphodiestrase (PDE III), resulting in diminished renal cAMP levels (21) . The latter would promote prostaglandin formation, as cAMP has been shown to inhibit cyclooxygenase activity (22, 23) . In the present study we were limited by the volume of interstitial fluid sample collected and could not measure PGF 2 ␣ or cAMP. Further studies are needed to address whether renal AII concentrations are increased by PD. Receptor interaction, such as suggested here, may constitute an important physiologic principle in the paracrine control of renal function.
The majority of past studies have failed to demonstrate a function for the renal AT 2 receptor, but these studies were conducted during normal sodium intake. Our study confirms that renal responses (i.e., PGE 2 and cyclic GMP) to AT 1 and AT 2 receptor blockade are absent during normal sodium intake. Therefore, the physiological effects of angiotensin on the kidney are reserved for situations, such as sodium depletion, in which the RAS is chronically stimulated. Whether or not renal AT 2 receptor messenger RNA or protein expression are en- hanced by sodium depletion has not been studied to our knowledge.
The question of whether the changes in RIF cyclic GMP stimulated by AII are significant in the control of renal hemodynamic/tubular function awaits further study. Our data in anesthetized sodium depleted rats, reported here, show an increase in sodium and water excretion with Losartan but not with PD. However, since the expression of renal AT 2 receptors (compared to AT 1 ) is low, the high levels of angiotensin II formed during anesthesia (24) should stimulate AT 1 receptors and overwhelm the effects of AT 2 receptors on sodium excretion. Thus, the effects of PD on sodium excretion may be different in conscious animals. In the present study, it was technically impossible to measure urinary sodium excretion every 30 min in conscious rats, but we were able to monitor changes in RIF PGE 2 and cGMP in response to PD. It is possible that intrarenal vasodilation initiated by PD and increased PGE 2 formation is counter balanced by decreased nitric oxide/cyclic GMP. Further studies are needed in a conscious animal model in which renal function can be carefully monitored.
In conclusion, we have shown that activation of the reninangiotensin system during sodium depletion in rats increases renal interstitial fluid levels of PGE 2 and cGMP which are mediated by AT 1 and AT 2 receptors, respectively. Furthermore, the AT 2 receptor modulates PGE 2 production by angiotensin II at the AT 1 receptor.
